Bloom-Cyanobacteria can release phosphorus (P) into overlying water during their decline period, thus inevitably providing available P for the next round of bloom. In order to quantitatively evaluate the contribution of cyanobacterial bloom decline to P amounts in Caohai, a typical cyanobacteria-dominated sub-lake in northern Dianchi Lake, the P concentrations in algae during the peak and bottom of cyanobacterial bloom were measured and calculated. Remote sensing monitoring analysis and monthly monitoring data showed that the cyanobacterial bloom in Caohai developed from June, reached its peak in July to August and then declined to its bottom from December to February. The concentrations of different phosphorus forms contained in algal cells were different between the peak and bottom of the cyanobacterial bloom. Total phosphorus (TP) concentration in algae (TP-A) were higher in summer than in winter, while the TP content per unit Chl-a in winter was much larger than in summer. The annual released TP was approximately 24.12 tons in 2016, and its potential contribution to TP and Ortho-P in water body of Caohai was around 0.958 and 0.647 mg⋅L -1 , respectively. The P release amount was 303.30 and 20.57 tons in 2011 and 2014, respectively. For Caohai of Dianchi Lake, the P released from bloom-cyanobacteria could provide adequate P for the next year's bloom recovery.
Introduction
Excessive nutrients input will cause eutrophication of lakes and it will frequently lead to heavy algal bloom. It is well known that great efforts have been made to reduce external nitrogen (N) and phosphorus (P) loadings, while some lakes don't respond rapidly to such reductions [1] [2] . The reason would be that lake eutrophication is not only associated with excessive external nutrient input, but also connected with unobserved internal nutrient cyclings [3] . Growing evidence has shown that the internal loading of N and P in shallow lakes is probably one of the main forces maintaining the eutrophication of lakes and Pol. J. Environ. Stud. Vol. 28, No. 5 (2019) , [1] [2] [3] [4] [5] [6] [7] [8] [9] Original Research
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Decline to Phosphorus in Water Column of Dianchi Lake, China preventing the improvement of water quality [2] [3] . The internal N and P loadings could be equal or even higher to external loadings in summer from the longterm observation of six shallow lakes [4] . Based on these previous studies, the causal processes would be: excessive external nutrient input will lead to the accumulation of internal nutrient loading and increase nutrient concentration in overlying water, and finally algal blooms. For shallow lakes, the internal nutrients accumulation is becoming the most primary driver to induce and support the development of cyanobacterial bloom after the reduction of external loadings [5] . Phosphorus is usually considered the critical limiting element to cyanobacterial bloom and eutrophication [6] , and phytoplankton plays a vital role in the biogeochemical cycle of P in freshwater ecosystems [7] [8] . The P uptake during the development of water bloom and P release from cyanobacteria during bloom decline are the most important processes involved in the biogeochemical cycle of P [9] [10] . Many previous studies have shown that the bloom-cyanobacteria will release P into surrounding water after their decline [11] [12] [13] [14] . Chuai et al. [15] reported that cyanobacterial bloom released abundant P into the overlying water in Taihu Lake. A recent study suggested that cyanobacterial bloom was a driving force for P moving among water, cyanobacteria and sediment [13] . In addition, debris derived from algae and aquatic macrophytes can be sources for internal recycling of P [16] .
The biogeochemical cycle of P is an important nutrient self-regulating mechanism to sustain eutrophication in eutrophic lakes [16] [17] , and it can be significantly affected by P release from bloom-cyanobacteria in the lake area where bloomcyanobacteria is seriously accumulated [15] . There is no doubt that the P release from cyanobacteria during the bloom decline period would increase the available P amount in overlying water. Despite the advances on understanding the role of internal P cycling, the contribution of cyanobacterial bloom decline to P amount and further to the second algal bloom is still not well understood.
Dianchi Lake (24º40'-25º02'N, 102º36'-103º40'E) is the largest plateau lake in Yunnan Province (southwestern China), and it has not recovered from severe eutrophication status [18] . It remains one of most serious cases of freshwater lake eutrophication in China, and cyanobacterial blooms have occurred across the whole lake annually. Caohai, located in northern Dianchi Lake, is a typical cyanobacteria-dominated lake region [19] . The objective of this work is to evaluate the contribution of cyanobacteria bloom decline to P content and the amount in Caohai of Dianchi Lake, China. The amount of phosphorus contained in the algae will vary with their growth status, and may lead to seasonal differences. Therefore, the seasonal characteristic of cyanobacterial bloom was verified and the P concentrations in algae during the peak and bottom of cyanobacterial bloom were measured and calculated.
Materials and Methods

Study Sites and Sampling
The peak of cyanobacterial blooms in Dianchi Lake is usually observed during July to August, and the bloom is declined during December to January [20] . To investigate the P concentration in bloom-cyanobacteria in Caohai and calculate the released P amount, water and algae samples were collected twice: once in summer (August 21, 2016) and another in winter (January 9, 2017). The specific sampling date was set according to the peak and bottom of cyanobacterial bloom, as well as weather conditions and satellite transit date. The detailed locations of the 30 sampling sites in Caohai are presented in Fig.1 .
Integrated samples containing water and algae were collected approximately 0.5 m below the water surface, and then kept in a portable refrigerator and delivered to the laboratory. They were stored at 0-4ºC, and analyzed within 48 h. The temperature, pH, electrical conductivity (EC) and oxidation reduction potential (ORP) of the overlying water were detected at 0.5 m depth in situ using a multi-parameter water quality instrument (HORIBA U51-10).
Measurements and Calculation
The contents of several P forms in integrated water samples were determined, including total P (TP) in integrated water sample, dissolved TP in water (TP-W), TP in algae (TP-A), dissolved orthophosphate in water (Ortho-P-W), and orthophosphate in algal cell (Ortho-P-A). The TP in integrated water sample includes two Fig. 1 . Sample distribution map in Caohai, Dianchi Lake, China.
The Contribution of Cyanobacteria Bloom... parts, TP-W and TP-A. TP-A can be further divided into ortho-P-A and other P forms (other-P-A). The other-P-A mainly refers to organic P (OP-A) and polyphosphate particles (Poly-P-A) in algae. The content of other-P-A was calculated through subtracting ortho-P-A from TP-A. The relationships of different P forms are depicted in the following equations:
TP in integrated water samples = TP in water (TP-W) + TP in algae (TP-A) (1) TP-A = Ortho-P-A + OP-A + Poly-P-A in algae (2) Some of the integrated samples were filtered through a 0.45 µm membrane to separate water and algae. The contents of TP-W and ortho-P-W in water samples, and the contents of chlorophyll a (Chl-a), TP-A and ortho-P-A in algae samples were determined. The Chl-a concentration was measured using the colorimetric method [21] . Ortho-P-W was detected using the molybdenum blue colorimetric method [21] . TP of integrated sample TP-W and TP-A were analyzed using the molybdenum blue colorimetric method after digestion with K 2 S 2 O 8 to orthophosphate [21] . The Ortho-P-A was measured according to Shi et al. [22] .
The P amount per mg Chl-a was obtained through dividing P concentration by Chl-a concentration in the algae. The total P concentration was calculated through multiplying the average Chl-a concentration by the P amount per unit of Chl-a. Caohai has an area of 10.8 km 2 with an average depth of 3.0 m and water storage capacity of 25.17 million m 3 . According to the seasonal fluctuation of cyanobacterial bloom, the P contribution of bloom-cyanobacteria can be estimated through the subtraction of P-A between the peak a nd bottom of the cyanobacterial bloom. The total P amount released by bloom-cyanobacteria could be estimated through multiplying TP concentration by water volume.
Extraction of Chlorophyll a Concentration
Remote sensing monitoring of water quality parameters can better reflect the spatial and temporal distribution and changes of regional water qualities, and is particularly suitable for the rapid monitoring of a wide-ranging water region [23] . In this study, Caohai was studied based on CCD1 data of HJ-1A satellite according to an algorithm developed by Yang et al. [24] , in which the best band combination (b4-b3)/(b4+b3) is used as an indicator for Chl-a concentration in Dianchi Lake. The b3 and b4 refers to the data in the 3 rd and 4 th band of CCD1 data of HJ-1A satellite. The inversion model of Chl-a content in Dianchi was In addition, monthly Chl-a data during 2011 was cited from Zhou [25] , and those from 2013 to 2016 were collected from routine monitoring program conducted by Kunming Environmental Monitoring Center (unpublished data).
Results and Discussion
Temporal and Spatial Distribution of Cyanobacterial Blooms in Caohai of Dianchi Lake
The Chl-a concentration is an important index to judge eutrophication status of water bodies, and it can generally reflect the intensity of water bloom. In this study, the Chl-a distribution in Caohai of Dianchi Lake was studied by using remote sensing monitoring method, which was based on CCD1 data of HJ-1A satellite. Due to the complicated plateau climate, it is not possible to obtain a complete monthly satellite image for a whole year. Therefore, some valid representative satellite images during the period from 2009 to 2016 were selected for the extraction of Chl-a contents to show the seasonal development and decline of cyanobacteria bloom. Some monthly dynamic changes of the Chl-a concentration distribution were described in Fig. 2 , and the results showed that the cyanobacterial blooms were developed in June, and declined at the end of October. These are in accordance with the previous monitoring results [26] . Based on MODIS satellite remote sensing data, Xie et al. [26] and Jiang [20] revealed that the critical period of cyanobacterial bloom in Dianchi Lake was from June to September. The cyanobacterial bloom has the obvious characteristic of seasonal variation.
High wind speed can agitate the water surface to interfere with the uplift and aggregation of cyanobacteria, resulting in the even distribution of cyanobacteria in water [20] . In summer, the highest and lowest value of Chl-a concentration among 30 sampling sites was determined to be 4441 μg⋅ L -1 and 66.40 μg⋅L -1 , respectively, and the average value was 637.1 μg⋅L . This indicated that the cell density of cyanobacteria was much higher in summer than in winter, and apparent seasonal variation of cyanobacterial bloom was observed, which confirmed the developing and declining cyanobacterial bloom annually.
According to the historical monitoring results of Chl-a, the first occurrence of cyanobacterial bloom in Dianchi Lake was observed in 2001, and from then on, harmful cyanobacteria blooms occurred almost every year [19, 27] . From both the intensity and frequency of algal bloom, the cyanobacterial bloom in Dianchi Lake presented annual cyclical changes, which is at a low level at spring, increases to high level in the middle of the year, and then declines in the winter [26] . Based on the history data collected by Kunming Environmental Monitoring Center (unpublished data), Fig. 3 , and the monthly Chl-a contents in total Dianchi Lake during 2011 are shown in Fig. 4 . These results also confirm the seasonal variation of cyanobacterial bloom.
Phosphorus Concentrations in Algal Cells in Summer and Winter
To assess the available P released by bloomcyanobacteria to water, both the average Chl-a and P concentrations in algal cells (P per unit Chl-a) were determined during the peak and bottom of cyanobacterial bloom. The average values and ranges of water quality parameters and P concentrations in bloomcyanobacteria in the 30 sampling sites during summer and winter were listed in Table 1 . As for water quality parameters, except for temperature, the average values of EC, ORP and pH were little higher in winter than those in summer. A few studies showed the increment of EC and pH during the cyanobacterial bloom decline period [15, 18] , and it has been reported that the ORP was decreased due to the oxygen consumption by decomposition of bloom-cyanobacteria [28] . In this field study, the average value of ORP in winter is a little higher, which would probably be caused by the high speed of wind in winter-enriching oxygen in water [19] .
The average TP and TP-A content was 0.932 mg⋅L -1 and 0.762 mg⋅L -1 , respectively, in summer, while 0.0909 and 0.0343 in winter ( Table 1) . The TP and TP-A were significantly higher in summer than those in winter, which is consistent with previous studies [18, 29] . In addition, the Ortho-P-W accounted for 26.53% of TP-W in summer, while reaching 72.90% in winter. The concentration of dissolved inorganic P in summer was lower than that in winter, which might be related to the large absorption of inorganic P by algae during the bloom development period. Through Pearson correlation analysis, the Chl-a concentration was significantly correlated with the TP and TP-A concentrations, and the higher TP in summer mainly resulted from the large amount of algae. The number of algae in winter is small, thus its contribution to total phosphorus in water is correspondingly lower. This result was consistent with the view of Xie et al. [29] , stating that low N:P is the result of cyanobacteria bloom rather than the reason. It has been reported that Ortho-P is the main component of total dissolved P in water during the cyanobacterial bloom decline period [11] . Cao et al. [13] also observed that ortho-P in water increased after the cyanobacteria began to decline. In the present study, the ortho-P-A reached about 43.77% of TP-A in summer, while it only accounted for 24.63% of TP-A in winter. This might suggest that the ortho-P was released from bloomcyanobacteria during their decline period [12] . Large Zhang S., et al.
amounts of P will be released into the surrounding water during cyanobacterial bloom decline period [15] , which would certainly affect the P adsorption equilibrium between the sediment and overlying water. On the one hand, due to the decomposition of bloom-cyanobacteria, the DO and ORP of water would decrease, promoting P release from the sediment [18] [19] . On the other hand, the large amount of P released from bloom-cyanobacteria will gradually settle into the sediment. In this study, the ORP in algal bloom decline period was higher than that in bloom development period ( Table 1 ). The higher ORP will prevent the release of P from sediment and stimulate the entry of P in overlying water into the sediment. This will probably provide a good explanation on the lower P content dissolved in water (Table 1) at the end of the cyanobacterial bloom decline period. The P amount per mg Chl-a could be obtained through dividing P concentration by Chl-a concentration in the algae. The TP in algae includes ortho-P, OP and polyphosphate particles (poly P). By calculation, the contents of TP, ortho-P and other P (OP and poly P) in algae per mg Chl-a during summer and winter are listed in Table 2 . As for the average results of the Caohai region, the TP per unit Chl-a in winter was much larger than that in summer, but the ortho-P per unit Chl-a in winter is slightly less than that in summer. The main P form contained in algae is ortho-P during summer, which accounted for 66.30% of TP. In contrast, the OP and Poly-P per unit Chl-a took up 69.84% of TP in algae in winter.
Estimating P Amount Released from Bloom-Cyanobacteria in Caohai Based on our two sampling campaigns, the P amounts released from bloom-cyanobacteria in Caohai are shown in Table 3 . The P amount contained in bloom-cyanobacteria in summer was 24.91 tons in 2016, and was just 0.79 tons in winter. The released TP from bloom-cyanobacteria was about 24.12 tons, including 16.28 tons of ortho-P and 7.84 tons of other-P (OP and poly P). The potential contribution of TP, ortho-P and other-P from bloom-cyanobacteria to the P concentration in water of Caohai for the next round of cyanobacterial bloom was about 0.959, 0.647 and 0.312 mg⋅L -1 , respectively. Combined with the average Chl-a concentrations, which were provided by Kunming environmental monitoring station and cited from relevant references, and P amount per mg Chl-a (Table 2) , the P release amounts in the year 2011 and 2014 were estimated. The contributions of P release from bloom-cyanobacteria to the P concentration and amount in Caohai water body were shown in Table 4 . The P release amount from bloom-cyanobacteria was 20.57 tons in 2014, and the concentration of P reached 0.817 mg⋅L -1 . Based on the Chl-a data cited from Zhou [25] The Contribution of Cyanobacteria Bloom...
The occurrence of annual cyanobacterial bloom requires a lot of nutrient supplement. As for Dianchi Lake, internal cycling decides the nutrient limitation [3] , and the P in sediments represented a significant supply for the growth of cyanobacteria [13] . Ortho-P is the only P form that can be utilized directly by algae. A recent study showed that the organic P was less likely to cause M. aeruginosa bloom, and the utilization of organic P by algae was highly dependent on its transformation into Ortho-P [14] . In this study, we evaluated the contribution of decline cyanobacterial bloom to the P amount in Caohai of Dianchi Lake and revealed that the amount of TP and Ortho-P released from cyanobacterial bloom could provide adequate P to water body for the next year's algal bloom recovery in Caohai. If the external pollution loadings of Dianchi Lake could be reduced to a much low level, the P release from cyanobacterial blooms that have taken place would also be able to provide sufficient P to meet the P demand for the new round of cyanobacterial bloom. This kind of P internal cycling would probably be one of the selfsustaining mechanisms of cyanobacterial bloom and eutrophication. Thus, developing measures to cut off the internal P cycle driven by cyanobacterial bloom would be necessary for algal bloom control.
Conclusions
The cyanobacterial bloom in Caohai of Dianchi Lake presented annual cyclical changes. It developed in June, reached peak in July to August and then declined to bottom during December to February of the next year. The concentrations of different phosphorus forms contained in algal cells were different between the peak and bottom of cyanobacterial bloom. The TP and TP-A were higher in summer than those in winter. The TP amount per unit Chl-a in winter was much larger than that in summer, but the ortho-P per unit Chl-a in winter was slightly less than that in summer. The ortho-P per mg Chl-a was about 66.30% of TP during summer, while the OP and poly-P per mg Chl-a accounted for 69.84% of TP in winter. Based on our two sample collections in 2016, the released TP from bloom-cyanobacteria was about 24.12 tons, including 16.28 tons of ortho-P and 7.84 tons of other-P (OP and poly P). The potential contribution of TP, ortho-P and other P to P content in the water of Caohai for the next round of cyanobacterial bloom was about 0.959, 0.647 and 0.312 mg⋅L -1 , respectively. The P release amount from bloom-cyanobacteria was 303.30 and 20.57 tons in 2011 and 2014, respectively, and the contribution to P concentration reached 12.05 and 0.817 mg⋅L -1 , respectively. The P released from bloom-cyanobacteria could contribute a certain amount of TP and ortho-P to the water body and provide adequate P for next year's algal bloom recovery in Caohai.
